Solid-base catalysts consisting of CaO covered with 5-20 mol% TiO2 (TiO2/CaO) were prepared by deposition of titanium tetraisopropoxide (Ti(OCH(CH3)2)4) on a Ca(OH)2 surface in an ethyl acetate solution, followed by thermal decomposition in air at 773-1073 K for 3 h. The catalyst heated at 773-973 K showed higher activity for the base catalyzed retro-aldol reaction to convert diacetone alcohol (4-hydroxy-4-methyl-2-pentanone) to acetone at 299 K. 10 mol% TiO2/CaO heat-treated at 773 K was the most active catalyst for the retro-aldol reaction among the metal oxide-covered CaO catalysts. The catalyst treated at 1073 K was inactive for the same reaction, as was uncovered CaO. The catalytic activity of TiO2/CaO poisoned by water was recovered by washing with acetone, confirming that TiO2-covered CaO had sufficient stability against H2O. No leaching of Ca 2 into the polar solvent diacetone alcohol was observed in any covered catalyst.
Introduction
Alkaline earth metal oxides are well-known solid bases, among which MgO is a typical solid base catalyst 1) 4) . The structures of the base sites and applications to many base-catalyzed reactions have been widely investigated. Solid bases are used to catalyze many C _ C bond formation reactions, such as aldol reactions, which are important for synthesizing fine chemicals. In most cases, the activation of alkaline earth metal oxides and base-catalyzed reactions is carried out under a vacuum or in an inert gas because CO2 and H2O in the atmosphere poison the catalyst 1), 4) . This requirement is an obstacle to the use of these solid base catalysts in organic synthesis reactions. Therefore, methods for the preparation of a solid base usable in air are very important.
Active MgO has been prepared by thermal decomposition of hydroxide or carbonate species at higher temperatures under a high vacuum or in a high-purity inert atmosphere. The most active MgO for base-catalyzed reactions was prepared by heat treatment at 973 K in a vacuum 1), 4) . Base sites on the MgO surface are poisoned by H2O and CO2 in the atmosphere 1), 3) , and the resultant hydroxides and carbonates of alkaline earth metals have much greater thermal stability. Therefore, high-temperature treatment above 773 K is required to remove these species from the active sites of the surface O 2-groups. Deactivation caused by H2O or CO2 results in changes in the bulk structure from oxide to hydroxide or carbonate, respectively. Elimination of H2O or CO2 at higher temperatures is accompanied by exchange of oxygen atoms between the surface and these molecules 5) 8) . In addition, alkaline earth metal oxides dissolve in several polar solvents, such as methanol 9) . Therefore, a base catalyst with high tolerance against H2O and CO2 and insoluble in a polar solvent is strongly desirable.
Our previous investigation covered the surface of an MgO base catalyst with SiO2, Al2O3, TiO2, and ZrO2 to overcome the two disadvantages of poisoning by H2O and CO2 and solubility in a polar solvent 10) . The appropriate metal alkoxide was dissolved in ethyl acetate and reacted with the OH -groups in a double hydroxide layer of Mg(OH)2. The materials obtained were covered with a monolayer or bilayer of the metal oxide. Among the base catalysts tested, MgO covered with 7 mol% or more aluminum oxide showed excellent tolerance to H2O and good reusability for the aldol reaction of acetone. The base strength of Al2O3-covered MgO containing 10 mol% Al 3 ions was 26.5 on the Hammett function scale. Data from Al K-edge X-ray absorption near-edge structure (XANES) spectroscopy indicate that octahedral Al 3 ions, which are present in the surface region, form the principal active structure 11) . The base strength of CaO is higher than that of MgO, although CaO has the same disadvantages as MgO. The preparation method used for Al2O3-covered MgO was applied to the synthesis of Al2O3-covered CaO base catalyst. The prepared catalyst showed higher activity for the retro-aldol reaction of diacetone alcohol into acetone than Al2O3-covered MgO 12) . Our continuing research is intended to show that this preparation method for alkali earth metal oxides covered with inert metal oxides is applicable to various combinations of metal oxides to obtain solid base catalysts with higher activity. The present study demonstrated the higher activity of TiO2-covered CaO in basecatalyzed reactions compared to MgO and CaO covered with Al2O3.
Titanium oxide cations are located in octahedral sites similar to those for Ca 2 in CaO crystals. Several Ca titanate salts, such as CaTiO3, are well known. The CaO and TiO2 system forms a solid solution 13 ), 14) . Therefore, we expected strong affinity in the interface between TiO2 and CaO. Although surface acidity is generated by mixing two types of metal oxides in many cases 15) , the mixed oxide of MgO and TiO2 is still a solid base 14) . Consequently, acid sites would not be generated by mixing CaO with TiO2. Thus, TiO2 was expected to be suitable for covering the surface of base catalysts of alkaline earth metal oxides.
Experimental

1. Catalyst Preparation
The calcium hydroxide used in this study was prepared as follows. Commercial Ca(OH)2 (Wako Pure Chemical Industries, Ltd., Japan) was placed in a beaker and boiled for 1 h in distilled water to obtain Ca(OH)2 with similar properties to Mg(OH)2 10) 12) . The Ca(OH)2 obtained was dried at 373 K.
Catalysts of TiO2-covered CaO(TiO2/CaO) were prepared as follows. Ti(OCH(CH3)2)4 (Wako Pure Chemical Industries, Ltd.) (TIP) was dissolved in ethyl acetate, and the desired amount of Ca(OH)2 was added to the solution, which was then stirred for 1 h. The ethyl acetate solvent was removed by evaporation and the sample was dried again at 373 K for 12 h and comminuted to a powder with particle sizes of 32-50 mesh. Samples treated with TIP were heated in air at 773-1073 K for 3 h. The ratio of Ti 
Catalyst Characterization
Thermogravimetry and differential thermal analysis (TG-DTA; TG 8120; Rigaku Corp., Japan) was performed on the sample before heat treatment to determine the decomposition temperature of Ca(OH)2 and to detect any remaining organic compounds. Powder X-ray diffraction (XRD) spectroscopy of unmodified and modified samples used Cu Kα radiation.
3. Retro-aldol Reaction of Diacetone Alcohol
The base-catalyzed decomposition reaction of diacetone alcohol (4-hydroxy-4-methyl-2-pentanone) to acetone, the retro-aldol reaction (Scheme 1), was performed in a batch-reaction system. The reaction was carried out at 299 K for 3 h using 0.1 g of catalyst and 200 mmol of diacetone alcohol in a round-bottom flask. The diacetone alcohol was used as received. Part of the reaction mixture was taken every 30 min from the flask and analyzed by gas liquid chromatography using a column (1 m 3 mm i.d.) packed with SE-30.
The reusability of 5 mol% TiO2/CaO catalyst heattreated at 773 K for 3 h for the retro-aldol reaction was examined. After the first reaction, the liquid phase was separated by decantation, and the catalyst was washed with acetone. Then, the next reaction was performed using the same procedures as for the first reaction.
4. Detection of Dissolved Ca
in Diacetone Alcohol
Dissolution of Ca 2 in diacetone alcohol was confirmed with the chelating agent Eriochrome Black T (Wako Pure Chemical Industries, Ltd.). After reaction for 3 h, part of the liquid phase was withdrawn with a pipette and a few drops of Eriochrome Black T solution were added to the separated diacetone alcohol solution. The color of the solution changed from blue to orange, showing that some Ca 2 had dissolved in the diacetone alcohol.
Results and Discussions
1. Comparison of Catalytic Activities
The effects of the Ti 4 content in TiO2/CaO and the heat treatment temperature on the base catalytic activity of CaO for diacetone alcohol decomposition are shown in Fig. 1 . The conversions obtained with reaction for 3 h are plotted. The equilibrium conversion of diacetone alcohol is 88 % at 299 K 16) . In this study, no mesityl oxide formed by dehydration over acid sites 17) was detected, indicating that the surfaces of the prepared catalysts maintained basic character; with no acid sites generated by covering with TiO2.
The catalytic activity of CaO was improved by the covering treatment. All TiO2-covered catalysts prepared in this study showed higher activity than the original CaO using a treatment temperature of 773-973 K. The most active catalyst covered with 10 mol% TiO2 and heated at 773 K. Catalysts of 5 mol% TiO2/CaO heated at 873 K and 973 K also showed higher activity.
High temperature activation resulted in much lower activity. In particular, TiO2/CaO catalysts heated at 1073 K, as well as unmodified CaO, were inactive under the reaction conditions used in this study.
The most active CaO is obtained by heating at 1073 K in a vacuum 18) . The basicity of this CaO catalyst is presumably extremely high because of the low cis-2-butene to trans-2-butene ratio in 1-butene isomerization. The allylic anion intermediate with the cis conformation is stabilized on conventional solid base catalysts, and the interconversion rate between cis-2-butene and trans-2-butene is low. A high cis to trans ratio is characteristic of base-catalyzed 1-butene isomerization. The rate of interconversion of cis-2-butene to trans-2-butene, as well as the isomerization rate from 1-butene to cis-2-butene, are accelerated using a strong solid base, such as CaO, to catalyze this reaction. Consequently, the cis to trans ratio is low 19) . The active sites with moderate base strength disappeared and strong base sites were generated with higher heating temperature 19) . Active sites on CaO, heated at 1073 K in vacuum, are estimated to be extremely strong bases. These sites are strongly poisoned by H2O and CO2 in air. Catalysts of TiO2/CaO and unmodified CaO, heated at 1073 K, were not active under the reaction conditions used in this study, because of the strong poisoning effect of these molecules.
The catalytic activity of TiO2/CaO is compared with other surface-covered CaO, Al2O3/CaO and SiO2/CaO, and unmodified CaO in Table 1 . Reaction rates of diacetone alcohol decomposition were calculated from the conversions. As shown in Table 1 , 10 mol% TiO2/ CaO heated at 773 K was most active for the retro-aldol reaction among the metal oxide-covered CaO catalysts. The activity of TiO2/CaO was higher by 2.7 times in comparison with that of unmodified CaO.
2. TG-DTA Analysis of Prepared Catalysts
TG-DTA was performed on samples before heat treatment to determine the state of the TIP deposited on the Ca(OH)2 surface as shown in Fig. 2 . A two-step weight decrease was detected for pure Ca(OH)2 (Fig. 2,  (c) ). The first step was observed around 720 K in the TG profile, caused by the decomposition of Ca(OH)2 to CaO and H2O. The second step of endothermic peak and weight loss was observed around 1000 K and attributed to the decomposition of CaCO3. The decomposition of CaCO3 into CaO around this temperature range was confirmed by XRD analysis as described in the section 3. 3.
The TG-DTA result for the Ca(OH)2 sample treated with 10 mol% TIP is also illustrated (Fig. 2, (b) and (d)). The decomposition temperature of Ca(OH)2 into CaO was around 720 K, as observed for the untreated Ca(OH)2 sample. A small exothermic peak caused by combustion of an organic species was observed around 660 K. The small area of the exothermic peak in the DTA profile indicates that the conversion of TIP into oxide or hydroxide was almost complete before the heat treatment for decomposition of Ca(OH)2 and catalyst activation. The very small weight loss from combustion of organic species around 660 K in the TG profile Comparison of the TG profiles of Ca(OH)2 and Ca(OH)2 treated with TIP showed that the weight decrease in the higher temperature range was larger in the heated sample as shown in Fig. 2, (d) . The TG profile indicated that most of the original material was Ca(OH)2, whereas the increased weight loss at higher temperatures indicates that part of the original hydroxide was converted to carbonate during the preparation process. Figure 3 shows the XRD spectra of 5-20 mol% TiO2/CaO, after heating at 773-1073 K for 3 h in air. The diffraction peak set with the largest intensity in most of the prepared samples was assigned to CaO. In addition, peak sets for CaCO3 and CaTiO3 were also observed. Calcium carbonate was the main component in the 10 mol% sample heated at 773 K and 873 K. This peak set was absent after heat treatment at 1073 K, as observed in TG-DTA analysis. As shown by the TG analysis, part of the Ca(OH)2 starting material was converted to carbonate during the preparation process. Calcium carbonate was not decomposed by heat treatment at 773 K because of its high thermal stability.
XRD Analysis of Prepared Catalysts
The reaction of CaO with TiO2 into CaTiO3 occurred to a small extent in the sample during heat treatment for activation of the catalyst. The peak set for CaTiO3 was observed in all prepared samples except for samples with 5 mol% TiO2/CaO, which showed this peak set only in the XRD spectrum of the sample heated at 1073 K. The peak intensity of CaTiO3 increased with higher content of TiO2 over the CaO surface and with higher treatment temperatures.
According to the results of the test reaction indicated in Fig. 1 , the formation of CaCO3 had no effect on the base catalytic activity. A remarkable amount of CaCO3 was observed in the most active catalyst of 10 mol% TiO2/CaO heated at 773 K. The peak set of CaTiO3 was observed for catalysts with lower activity, which were heated at higher temperatures and covered with large amounts of TiO2. CaTiO3 formed over the CaO surface would be inactive for the retro-aldol reaction. The basicity of CaTiO3 ranges from 7.2 to 9.3 on the Hammett function scale 21) . On the other hand, the base strength of CaO is 26.5 22) . Therefore, the base strength of CaTiO3 is much lower than that of CaO. The pKa of protons in the methylene group activated by the attached carbonyl group in diacetone alcohol is expected to be similar to that of acetone (pKa 20). The reported base strength of CaTiO3 was much lower, and not enough to eliminate H from the methylene group in the substrate.
4. Reusability and Water Tolerance
The reusability of 5 mol% TiO2/CaO catalyst heat treated at 773 K for 3 h for the retro-aldol reaction was examined. The results of repeated reaction are shown in Fig. 4 . Diacetone alcohol conversions obtained at 1.5 h are shown in Fig. 4 . The catalytic activity decreased as the number of reuses increased. The catalytic activity in the fourth reaction had nearly halved compared to the first reaction. In this experiment, no regeneration treatment was performed for the catalyst. In addition, the catalyst was handled in air. A conventional base catalyst such as MgO would be strongly poisoned by H2O and CO2 in the air. From this viewpoint, the decrease in activity of the TiO2/CaO catalyst was acceptable. Thus, TiO2-covered CaO can be considered as reusable base catalyst. The color of the catalyst changed from white to pale brown during the retro-aldol reaction. The brown material is thought to be acetone polymers formed on the base sites 23) . Adsorption of the substrate of diacetone alcohol on active sites over the TiO2/CaO surface might be prevented by this brown material formed by excess condensation.
The solubility of CaO in water was strongly inhibited by covering with TiO2. The prepared samples of TiO2/ CaO gave clear solutions in the reaction. No color change of Eriochrome Black T was observed with the prepared samples used in this study.
In addition to the detection of Ca 2 by chelating agent in the liquid phase, the leaching test was performed. After reaction for 2 h over 10 mol% TiO2/ CaO heated at 773 K, the liquid phase was separated by filtration, and the separated liquid was kept under reaction conditions without catalyst. Conversion of diacetone alcohol did not change after the catalyst separation. This result agrees with that of Ca 2 detection by The retro-aldol reaction was carried out over 5 mol% TiO2/CaO heated at 773 K to examine the tolerance of the catalyst for H2O by adding H2O to diacetone alcohol. Catalyst covered with 10 mol% or higher amount of TiO2 would have greater tolerance against H2O than that covered with 5 mol% TiO2. Catalyst with 5 mol% TiO2/CaO, which was expected to have the lowest tolerance among the prepared catalysts, was applied to the retro-aldol reaction with H2O. The first reaction was carried out with diacetone alcohol containing 5 wt% of H2O for 3 h. The catalyst was then washed with acetone and applied to a second reaction of pure diacetone alcohol in the same reaction conditions without further activation treatment.
The catalytic activity of TiO2/CaO was strongly reduced by the addition of H2O to diacetone alcohol, to one-quarter of the original activity, as shown in Fig. 5 .
The activity of the used catalyst was completely recovered by washing with dried acetone, which confirmed that TiO2/CaO has sufficient stability against H2O. This decrease in catalyst activity in the reaction with H2O is caused by the difference in adsorption affinities of diacetone alcohol and H2O to active sites on the catalyst surface. The H2O is adsorbed on the active sites, and adsorption of reactant is blocked by the strong polarity of H2O. This result indicates that covering the surface of CaO with TiO2 was effective in improving the tolerance against H2O.
Calcium hydroxide has a layered double hydroxide structure. The reaction of TIP with hydroxide groups occurred as Ca(OH)2 was added to TIP solution. Part of the TIP would occupy the space between two hydroxide layers. Formation of a solid solution of CaO in TiO2 can be confirmed by expansion of the TiO2 lattice in XRD analysis 24) . .
Conclusions
Solid-base catalysts of CaO covered with 5-20 mol% Ti O2 w e r e p r e p a r e d b y t h e d e c o m p o s i t i o n o f Ti(OCH(CH3)2)4 over a Ca(OH)2 surface in an ethyl acetate solution, followed by thermal decomposition in air at 773-1073 K. The catalytic activity of CaO was greatly improved by this covering treatment. Prepared catalysts heated at 773-973 K showed good activity for the retro-aldol reaction of diacetone alcohol at 299 K. The most active catalyst was covered with 10 mol% TiO2 and heated at 773 K. Catalysts with 5 mol% TiO2/CaO showed higher activity after heat treatment at 873 K and 973 K. TiO2/CaO catalyst showed higher activity than other surface-covered CaO, Al2O3/CaO and SiO2/CaO catalysts. The 10 mol% TiO2/CaO catalyst heated at 773 K was the most active for the retro-aldol reaction among the metal oxide-covered CaO catalysts.
No Ca 
